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Abstract. CuInSe2 thin-film solar cells are promising materials for photovoltaic devices. One of 
the main tasks of researchers is to find ways to increase the solar cells efficiency. In this paper we 
propose an original structure of a thin-film solar cell based on a tandem connection of a photoelec-
tric converter and a thermoelectric layer based on CuInSe2. The photoelectric converter consists  
of CuInSe2 and CdS layers. A 3D model of the proposed thin-film solar cell was implemented in 
the COMSOL Multiphysics environment with using the Heat Transfer module. The simulation was 
carried out taking into account the diurnal and seasonal variations of both the ambient temperature 
and the power density of the AM1.5 solar spectrum for the geographical coordinates of Minsk.  
The solar radiation power density of about 500 kW/m2 can be achieved by using concentrators. 
The temperature pattern and temperature gradients are calculated in each layer of the solar cell 
without and with the temperature stabilization of the substrate back side as well as without and 
with the thermal insulation of the substrate ends. Graphs of the temperature gradients of the ther-
moelectric layer and the temperature variations of the photoelectric converter of the solar cell are 
given. As a result of the simulation, it is shown how the uneven heating of both the surface of a 
thin-film solar cell and its layers occur under conditions of diurnal and seasonal variations of both 
the ambient temperature and the solar radiation power density. Under concentrated solar radiation 
exposure, the photoelectric converter surface can be heated up to 700 °C without temperature  
stabilization of the solar cell substrate. The operating temperature of the photoelectric converter 
was maintained at no more than 2.35 °C in January and at no more than 14.23 °C in July due to the 
temperature stabilization of the substrate back side of the proposed device. This made it possible to 
achieve an increase in the output power of the solar cell both by summing the photo- and thermo- 
electric output voltages and by the concentration of solar radiation. 
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Реферат. Тонкопленочные солнечные элементы CuInSe2 зарекомендовали себя как пер-
спективные материалы для солнечной энергетики. Одной из главных задач исследователей 
является поиск путей повышения эффективности солнечных элементов. В данной работе 
предложена оригинальная структура тонкопленочного солнечного элемента на основе тан-
демного соединения фотоэлектрического преобразователя, состоящего из слоев CuInSe2  
и CdS, и термоэлектрического слоя, выполненного на основе CuInSe2. Трехмерная модель 
предлагаемого тонкопленочного солнечного элемента была реализована в программной 
среде COMSOL Multiphysics с использованием модуля «Теплопередача». Моделирование 
осуществлялось для географических координат г. Минска с учетом суточного и сезонного 
изменения как температуры окружающей среды, так и плотности мощности солнечного 
излучения спектра AM1.5, максимальное значение которой может быть достигнуто поряд- 
ка 500 кВт/м2 при использовании концентраторов. Рассчитано распределение температуры 
и градиентов температуры в каждом слое солнечного элемента без стабилизации и со ста-
билизацией температуры тыльной стороны подложки, а также при отсутствии и наличии 
теплоизоляции торцов подложки. Приведены графики градиентов температуры термоэлек-
трического слоя и изменения температуры фотоэлектрического преобразователя солнечно- 
го элемента. В результате моделирования показано, в какой степени происходит неравно- 
мерный нагрев как поверхности тонкопленочного солнечного элемента, так и его слоев  
в условиях суточного и сезонного изменения температуры и плотности мощности солнеч-
ного излучения. При воздействии концентрированного солнечного излучения поверхность 
фотоэлектрического преобразователя солнечного элемента без термостабилизации подлож-
ки может нагреваться до 700 °C. Рабочая температура фотоэлектрического преобразователя 
на уровне не более 2,35 °C в январе и 14,23 °C в июле поддерживалась за счет термостаби-
лизации тыльной стороны подложки предложенного устройства. Это позволило достичь 
увеличения выходной мощности солнечного элемента как путем суммирования фото-  
и термоэлектрических выходных напряжений, так и концентрации солнечного излучения. 
 
Ключевые слова: тонкопленочный солнечный элемент CuInSe2, численное моделирование, 
COMSOL Multiphysics, термоэлектрический слой, фотоэлектрический преобразователь, 
градиент температуры, термостабилизация, подложка, концентратор солнечного излучения 
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Introduction 
 
Development and study of the properties of thin-film solar cells is one of the 
topical problems of modern semiconductor power industry [1]. Copper indium 
selenide (CuInSe2) has recently been used as a material of such elements [2–5].  
It most fully meets the requirements for use in terrestrial conditions, owing to its 
narrow band gap (1.04 eV at 300 K), presence of homo- and heterojunctions, 
flexibility [6], high radiation resistance, environmental safety and cost. 
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Experimental studies show that long-term operation of solar cells leads to  
a decrease in their operational efficiency and a service life [7] due to their hea- 
ting above ambient temperatures (up to 50–55 °C and more). Therefore, it is of 
interest to search for efficient ways of reducing the operating temperature of the 
solar cell and increasing the solar photovoltaic conversion efficiency [8–12]. 
The purpose of this paper is to develop methods for increasing the solar pho-
tovoltaic conversion efficiency of a thin-film semiconductor cell based on 
CuInSe2 by using both the thermal energy released in this cell and the infrared 
radiation of the sun and the environment. 
 
Construction of the thin-film solar cell 
 
The structure of the proposed thin-film solar cell based on CuInSe2 is shown 
in the fig. 1 [9], where the first electrode layer 2, the thermoelectric layer 3 
based on CuInSe2, the second electrode layer 4, the photoelectric converter 5  
and 6 consisting of CuInSe2 and CdS layers respectively, as well as a transparent 
electrode 7 are electrically connected and sequentially arranged on the polished 
face surface of the substrate 1 made of stainless steel and with rounded edges. 
 
a 
 
 
 
b 
 
 
Fig. 1. The thin-film solar cell structure (a) and its cross-section (b): 1 – substrate;  
2 – first electrode layer; 3 – thermoelectric layer based on CuInSe2; 4 – second electrode layer;  
5, 6 – photoelectric converter consisting of CuInSe2 and CdS layers respectively;  
7 – transparent electrode 
 
Operation algorithm of the thin-film solar cell 
 
The material of the transparent electrode 7 is zinc oxide with a band gap of 
3.3 eV and a visible light transmittance of more than 80 %. This electrode passes 
input solar radiation, the visible part of which is absorbed in the layers 5 and 6  
of the photoelectric converter that generates electric charges. The infrared part  
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of input solar radiation heats the layers 5 and 6 of the photoelectric converter. 
One fraction of the charges generated in the layer 5 is separated by the electric 
field of the p–n junction of the photoelectric converter, which generates photo-
electromotive-force (photo-emf) between the transparent electrode 7 and the 
second electrode layer 4. The remaining fraction of the photogenerated charges 
recombine and thereby contribute to the heating of the photoelectric conver- 
ter. Therefore, a temperature gradient is generated between the first 2 and the 
second 4 electrode layers. This gradient induces thermo-electromotive-for- 
ce (thermo-emf) between the upper and lower sides of the thermoelectric layer 3. 
As a result of this, the solar cell output voltage consisting of photo- and thermo-
emf between the first electrode layer 2, electrically connected to the lower side 
of the thermoelectric layer 3, and the transparent electrode 7 is produced. Since  
the solar cell efficiency depends on the temperature, it is necessary to stabili- 
ze the photoelectric converter temperature, maintaining its efficiency at a con-
stant level. 
 
Computer simulation 
 
Computer-aided design is an essential tool for construction of modern tech-
nical facilities. This is due to several factors. It makes it possible to significantly 
reduce the financial costs of developing the hardware components of photovol- 
taic devices and moreover to optimize the production processes in order to re-
duce the energy and resource intensity of output products, to improve its con-
sumer qualities, and ultimately to increase its competitiveness. 
The simulation was carried out using the COMSOL Multiphysics software 
package, which served to solve most scientific and engineering problems (star- 
ting from the geometric parameters definition and the physics description and 
ending with the visualization and preservation of the results) based on the sys-
tem of nonlinear partial differential equations by the finite element method. 
The Heat Transfer Module of this software package was used to quantify  
the increase in the power produced by the proposed thin-film solar cell based  
on CuInSe2. This module is a specialized tool for modeling thermal processes  
in electronics components and power engineering, which include solar cells 
working under real operating conditions. Predefined settings are available for 
solar and ambient radiation, where the surface absorptivity for short wave-
lengths (the solar spectral band) may differ from the surface emissivity for the 
longer wavelengths (the ambient spectral band). Further, the sun radiation  
direction can be easily defined from the geographical position and time. The view 
factors are computed by using the hemicube or direct integration area method. 
For computationally effective simulations, it is possible to define planes or sec-
tors of symmetry [13]. 
In the developed numerical three-dimensional model of a thin-film solar cell, 
the various conditions of its operation were considered in the presence and  
absence of the thermal insulation of the substrate ends as well as in the presence 
and absence of the temperature stabilization of the substrate back side. 
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The calculations were carried out taking into account the diurnal and sea- 
sonal variations of both the ambient temperature and the power density of the 
AM1.5 solar spectrum for the geographical coordinates of Minsk (fig. 2).  
The maximum value of the solar radiation power density was equal to  
500 kW/m2 [14] by using concentrators [15]. In climatology, the diurnal varia-
tion of the ambient temperature is averaged over many years, moreover, non-
periodic temperature changes offset each other and the ambient temperature  
follows a simple 24 hour periodic sinusoidal distribution around an average tem-
perature [16]:  
 
( ) .
24
14
π2cos 




 −∆+=
tTTtT avgamb  
 
Here Tavg and ∆T are two customizable parameters corresponding to the ave- 
rage temperature and half diurnal temperature variation, respectively. The time 
variable t is expressed in hours. In the simulation we used above-mentioned 
function and average minimum (Tavg – ∆T) and average maximum (Tavg + ∆T) 
monthly ambient temperatures data in Minsk from the site: http://belmeteo.net. 
The substrate temperature was set taking into account both the change in the 
ambient temperature and the stabilization at 1 and 10 °C. 
 
 
 
Fig. 2. Screenshot of the setting window in the COMSOL Multiphysics  
when defining an external radiation source using the Solar Position option 
 
The thin-film solar cell was divided into finite tetrahedral elements in the 
simulation (fig. 3). At calculations, the grid density for each layer of the solar 
cell was adjusted taking into account its geometrical configuration by selecting 
one of nine preset modes: from extremely fine to extremely rough. If it is ne- 
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cessary to use a finer grid in any area, for example for 50 nm thick layers 6  
and 7, the partition operation was performed manually. The problem solving was 
carried out taking into account the change in the ambient temperature. The pro-
gram facilities made it possible to visualize and process calculated numerical 
data for all the concerned operating regimes of the thin-film solar cell. 
 
 
 
Fig. 3. Screenshot of the mesh operation of the thin-film solar cell  
in the COMSOL Multiphysics 
 
Analysis of the results 
 
As calculations have shown, the uneven heating of both the surface of a thin-
film solar cell and its layers occur under conditions of diurnal and seasonal vari-
ations of both the ambient temperature and the solar radiation power density. 
Under the above conditions, the surface of a proposed CuInSe2 thin-film solar 
cell without both its cooling and thermal insulation of the substrate ends can be 
heated up to the temperature (TS) of about 700 °C (fig. 4a), which leads to per-
manently damages. The temperature stabilization of the substrate back side at 
the ambient (air) temperature (T0 = Tamb) makes it possible to reduce the surface 
temperature of CuInSe2 solar cell up to TS ≈ 55 °C (fig. 4b). When the temperature 
of the substrate back side is stabilized (T0 = 10 °C), the temperature (TS) on the sur-
face of CuInSe2 solar cell reaches a maximum value of about 44 °C (fig. 4c).  
By thermal insulation of the substrate ends and temperature stabilization of the 
substrate back side at T0 = 10 °C, it was possible to reduce the surface tempera-
ture of CuInSe2 thin-film solar cell up to values TS ≈ 14.2 °C (fig. 4d). Precisely 
for these boundary conditions, temperature gradients were calculated at the lo- 
wer boundary of the thermoelectric layer as a function of the time of day (fig. 5). 
As can be seen from the graph, the temperature gradient reaches its maxi- 
mum value of about 1.7 ⋅ 105 K/m at this boundary on the southeast side at about 
12.30 hours (curve 1, fig. 5) first and then on the southwest side at about  
14 hours (curve 2, fig. 5). The temperature gradients on the northeast and northwest 
at the given boundary are lower and equal to 1.5 ⋅ 105 K/m (curves 3 and 4, fig. 5). 
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Therefore, it is appropriate to present the results of calculations only for the 
southeast side of the solar cell, since there the temperature gradient has a maxi-
mum value. The thickness increase of CuInSe2 layers to 3 µm leads only to  
a slight decrease of the temperature gradient to about 1.65 ⋅ 105 K/m at the boun- 
dary of the first electrode layer / thermoelectric layer. 
 
                               a           b 
 
                               c          d 
 
 
Fig. 4. The surface temperature pattern of CuInSe2 thin-film solar cell without (a)  
and with (T0 = Тamb (b) and T0 = 10 °C (c, d)) the temperature stabilization  
of the substrate back side as well as without (a, b, c) and with (d) the thermal insulation  
of the substrate ends at 12.30 hours in the middle of July 
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Fig. 5. The temperature gradients of CuInSe2 solar cell at the lower boundary  
of the thermoelectric layer on the southeast (curve 1), southwest (curve 2), northeast (curve 3)  
and northwest (curve 4) sides in July 
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According to the calculations, the temperature gradient of the thermoelectric 
layer varies within a year from about 1.7 ⋅ 105 to about 0.5 ⋅ 105 K/m (fig. 6). 
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Fig. 6. The temperature gradients of CuInSe2 solar cell with the thermal insulation  
of the substrate ends at the lower (curve 1) and upper (curve 2) boundaries  
of the thermoelectric layer on the southeast side during the year 
 
Fig. 7 shows the daily changes of the temperature gradients at the upper and 
lower boundaries of the thermoelectric layer, i.e. between the first and second 
electrode layers, which cause the generation of thermo-emf. 
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Fig. 7. The temperature gradients of CuInSe2 solar cell at the upper (curves 1, 1')  
and lower (curves 2, 2') boundaries of the thermoelectric layer and at the upper (curves 3, 3') 
boundary of the photoelectric converter on the southeast side in the presence (curves 1, 2, 3)  
and the absence (curves 1', 2', 3') of the thermal insulation of the substrate ends  
in January (a), April (b), July (c) and October (d) 
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As can be seen from these graphs, the temperature gradient has a maximum 
value at the lower boundary of the thermoelectric layer based on CuInSe2 
(curves 1, fig. 7) irrespective of the time of year, as well as the ambient air  
temperature and the upper surface temperature of the transparent electrode.  
For example in July, when the average minimum and average maximum air 
temperatures can be 13.8 °C and 23.6 °C respectively, and the temperature of the 
substrate back side is stabilized at the level of 10 °C, the temperature gradient 
has a maximum value of 1.34 ⋅ 105 K/m (fig. 7c) at the lower boundary of the 
thermoelectric layer based on CuInSe2 and in the absence of thermal insulation  
of the substrate ends. The temperature of the photoelectric converter in this case 
is equals to 44.35 °C (fig. 8c). Due to the temperature stabilization of the sub-
strate back side and the thermal insulation of the substrate ends, it is possible  
to optimize the photoelectric converter operating temperature, which cannot  
exceed: 2.35 °C in January (fig. 8a), 13.59 °C in April (fig. 8b), 14.23 °C in July 
(fig. 8c) and 12.31 °C in October (fig. 8d). 
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Fig. 8. The temperature of CuInSe2 solar cell at the upper boundary  
of the photoelectric converter on the southeast side in the presence (curve 1)  
and the absence (curve 1') of the thermal insulation of the substrate ends  
in January (a), April (b), July (c) and October (d) 
 
CONCLUSION 
 
The performed simulation shows that the amplitude of the output voltage 
which generated by the thermoelectric layer of CuInSe2 thin-film solar cell  
varies from 2.1 mV (in December) to 5.23 mV (in June and July). This means 
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that by selecting an operating point on the current-voltage characteristic of the 
proposed solar cell and by using a thermoelectric layer, its output power can be  
increased up to 5 %. Moreover, a more significant increase in the output power 
of the concerned solar cell can be achieved even by means of substrate tempera-
ture stabilization and the presence of a solar concentrator. It should be noted that 
the cooling inertia of a thin-film solar cell stabilizes the output voltage in some 
degree under partly cloudy conditions. 
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